Objective: To describe the detection frequency and clinical associations of immunoglobulin G (IgG) targeting dipeptidyl-peptidase-like protein-6 (DPPX), a regulatory subunit of neuronal Kv4.2 potassium channels.
Antigen-specific autoimmune disorders targeting central glycinergic and GABAergic pathways are characterized by diffuse or focal stiffness, spasms, and exaggerated startle. [1] [2] [3] A novel autoimmune encephalitis with prominent seizures, myoclonus, agitation, and diarrhea was recently described in 4 patients with serum immunoglobulin G (IgG) specific for dipeptidyl-peptidase-like protein-6 (DPP6, also known as DPPX), 4 and a further 3 patients with progressive encephalomyelitis, rigidity, and myoclonus (PERM). 5 DPPX 6 is a regulatory subunit of the voltage-gated A-type (rapidly inactivating) Kv4.2 potassium channel complex expressed in neuronal dendrites and soma. 6, 7 Kv4.2 is the principal channel responsible for transient, inhibitory currents in the central and peripheral nervous systems. These currents regulate repetitive firing rates and back-propagation of action potentials into neuronal dendrites. DPPX is critical also for the normal generation of Kv4.3-dependent cardiac rhythms. 8 The widespread CNS distribution of Kv4.2 complexes predicts a multifocal neurologic phenotype for DPPX autoimmunity. Herein, we report the frequency of DPPX-IgG detection among neurologic patients undergoing autoimmune serologic evaluation in the Mayo Clinic Neuroimmunology Laboratory and the clinical correlations of this autoantibody.
METHODS Standard protocol approvals, registrations, and patient consents. The Mayo Clinic institutional review board approved this study (08-007846). Written consent was obtained to publish video material (patients 14 and 15).
Serologic testing. DPPX-IgG was identified by the characteristic indirect immunofluorescence pattern visualized on a composite substrate of mouse hippocampus, cerebral cortex, cerebellum, basal ganglia, thalamus, kidney, and gut (figure 1). DPPX specificity was confirmed molecularly by indirect immunofluorescence on HEK293 cells transfected with the DPPX complementary DNA. Control cells were transfected with empty vector. Cells were grown on glass coverslips, fixed with 1% formalin, prepared as millimetersized biochip fragments on microscope slides as a mosaic of DPPXexpressing and control cells (Euroimmun, Lübeck, Germany), and stored at 220°C until use.
DPPX-IgG seropositivity in patient 1 was confirmed by Dr. J. Dalmau, University of Barcelona. Testing for coexisting neuronal or glial nuclear, cytoplasmic, or plasma membranereactive IgGs also was performed (appendix e-1 on the Neurology ® Web site at Neurology.org). 9 Patients. Group 1 consisted of stored specimens from 83 patients referred for evaluation of paraneoplastic neurologic autoimmunity (1991-2012, before the first DPPX-IgG report 4 ) for whom tissue-based immunofluorescence screening had revealed an unclassified IgG autoantibody reactive with CNS and enteric synapses. Available specimens were serum only (64), serum and CSF (19) . Each specimen was reevaluated by tissue-based immunofluorescence and by cell-based assay for DPPX-IgG.
Group 2 consisted of 8 patients identified prospectively (January 2013 to March 2014) through service testing (tissue-based immunofluorescence) to have DPPX-IgG among 41,812 patients' specimens submitted for evaluation of neural autoantibodies (0.02%). Serum was available for all 8 patients, and paired CSF specimens were available for 3. Medical records were reviewed. Group 3 consisted of 69 patients with the following: classic stiff-person syndrome (also known as stiff-man syndrome) (34) (glutamic acid decarboxylase 65 [GAD65]-IgG positive [30], glycine receptor-IgG positive [3] , seronegative [1] ); limited stiffperson syndrome variants, including stiff-limb (30) (GAD65-IgG positive [15] , glycine receptor-IgG positive [3] , seronegative [14] ); PERM (3) (GAD65-IgG positive [1] , glycine receptor-IgG positive [1] , seronegative [1] ); and hyperekplexia (2) . Specimens available for testing were serum (all patients) and CSF (8) . RESULTS DPPX-IgG was detected by tissue-based immunofluorescence in 20 patients (20 serums and 7 paired CSF specimens; figure 1 ). Twelve patients were identified retrospectively (group 1), and 8 were identified prospectively after 2012 (group 2). These patients (and none others) yielded DPPX-IgG seropositivity by cell-based assay. All 69 in group 3 (stiff-person syndrome and related disorders) were DPPX-IgG seronegative by both assays. Where both specimen types were available for testing, no patient was positive in serum only or CSF only. Median serum titer was 1:15,360 (range, 1,920-245,760) and median CSF titer was 1:64 (range, 2-128).
Summary of demographic and clinical findings. Twelve of the 20 patients were male. The median age at symptom onset was 53 years (range, 13-75). The median follow-up period was 6 months (range, 0-68 months). Symptom onset was insidious in 12, subacute in 5, subacute on insidious in 2, and stepwise in 1. The median time from symptom onset to initial evaluation was 12 months (range, 0-177 months). Clinical details are summarized in tables 1, 2, and e-1. Prominent clinical manifestations of DPPX autoimmunity were encephalopathy (with cortical, cerebellar, or brainstem manifestations), myelopathy, weight loss, and autonomic dysfunction. Weight loss was the initial symptom in 7 patients (median loss, 34 kg; range, 23-52 kg); 5 patients reported anorexia. Weight loss and neurologic symptoms began simultaneously in 5 patients, and in 5 patients, weight loss began a median of 30 months before the neurologic symptoms (range, 3-180 months).
Ten patients reported autonomic symptoms: gastrointestinal (9) (diarrhea [6 patients], gastroparesis, and constipation [3 patients, figure 2]); urinary symptoms (7) ; and fluctuating hypothermia/hyperthermia (1 Brainstem symptoms included diplopia, oscillopsia or blurred vision (8) , dysphagia (6) , and respiratory failure (3). Cerebellar ataxia was noted on neurologic examination in 7 patients. Video 1 demonstrates abnormal eye movements in patient 15 who complained of diplopia, episodic ataxia, nausea, and vomiting.
Disrupted sleep was reported for 9 patients: insomnia (6), periodic limb movements (5), sleep apnea (3), and hypersomnia (2) . Sleep studies (performed in 3 patients) demonstrated periodic limb movements (2), obstructive sleep apnea (1), and ambiguous sleep (1, patient 14) . Ambiguous sleep is characterized polysomnographically by REM (EEG sawtooth waves) and non-REM sleep (EEG sleep spindles, K-complexes) occurring simultaneously. This patient fell into sleep multiple times during consultation, and immediately commenced talking and moving his arms and legs.
Clinical findings in 11 patients were consistent with central hyperexcitability, but only 2 (patients 9 and 13) had both stiffness/rigidity and myoclonus, considered typical of PERM. Myoclonus (video 2) was evident in 8 patients (documented by surface EMG to be of likely cortical origin in 2 [burst durations ,50 milliseconds]). Six had exaggerated startle, 6 had limb or truncal stiffness/rigidity, and 6 had brisk deep tendon reflexes. Patients 1 and 4 reported startle, and in detailed neurophysiologic studies, trunk and limb responses to repetitive acoustic startle stimulation were diffuse, nonhabituating, and exaggerated (reflex latency ,80 milliseconds). Exteroceptive reflex stimulation revealed widespread exaggerated responses below the reflex latency of 100 milliseconds. Patient 20 had cortical myoclonus, but did not report abnormal startle; acoustic startle and exteroceptive neurophysiology, and monopolar EMG of paraspinal muscles were normal. In no patient was the neurologic disorder unifocal, but abnormalities in 5 patients were somewhat limited (patients 3, 10, 11, 15, and 18). Early neurologic misdiagnoses included progressive supranuclear palsy (patient 4) and idiopathic Parkinson disease (patient 6). Two patients with contrasting phenotypes (patients 3 and 14) are described in appendix e-2.
Associated B-cell neoplasms were detected in patients 5 and 19 (gastrointestinal follicular lymphoma and chronic lymphocytic leukemia). In both patients, the neoplasm and neurologic disorders remitted after rituximab treatment.
Additional findings consistent with neurologic autoimmunity. In addition to DPPX-IgG autoantibody, other findings supporting an autoimmune neurologic diagnosis included a coexisting serum autoantibody in 6 and a coexisting autoimmune disease in 4 (table e-1). Abnormalities were reported in brain MRIs of 4 patients (data available for 13), but none had abnormalities specific for encephalitis. CSF data were available for 10 patients; 7 were normal. Protein was elevated in 3 patients (55 mg/dL, 75 mg/dL, and unspecified value; normal value, 0-35 mg/dL) and white cell count was elevated in 2 (6 and 73 leukocytes/mL; normal range, 0-5 leukocytes/mL).
Treatments and outcomes. Physicians reported neurologic improvements in 8 of 12 patients who received immunotherapy (table 1): 6 of 11 receiving corticosteroids; 4 of 5 receiving IV immune globulin; 3 of 5 receiving plasmapheresis; 4 of 6 receiving rituximab; and 2 of 3 receiving cyclophosphamide. Among 18 patients with adequate follow-up data, 4 completely remitted or had mild disability, 5 had a partial response to treatment, 6 remained unchanged, and 3 worsened progressively. DISCUSSION DPPX-IgG unifies patients with an unusual multifocal autoimmune neurologic disorder that is often insidious in onset, severe, responsive to early immunotherapy, and tends to relapse. Consistent with the widespread expression of Kv4.2 channels in the nervous system, prominent clinical manifestations of DPPX autoimmunity were encephalopathy (with cortical, cerebellar, or brainstem manifestations), myelopathy, and autonomic dysfunction. 10 DPPX autoimmunity is a new addition to the differential diagnosis for acquired neurologic disorders with prominent (but not exclusive) symptoms of central hyperexcitability (stiffness, spasms, tremulousness, and exaggerated startle). 2, 3 Myoclonus, stiffness/rigidity exaggerated startle, and brainstem or spinal cord dysfunction were common but not universal in our cohort, and only 2 had classic findings of PERM. 5 Diarrhea was earlier recognized as a prominent feature of DPPX autoimmunity. 4 Here, we have documented profound gastrointestinal hypomotility as an occasional manifestation. Sleep dysfunction has been described in the context of autoimmunity targeting Ma1 and Ma2, voltagegated Kv1 potassium channel complexes, and most recently IgLON5. [11] [12] [13] The varied sleep symptoms (including insomnia, limb movements, and disrupted REM sleep) among our DPPX-IgG seropositive patients adds to the growing literature of autoimmune sleep disorders.
Detection of DPPX-IgG was critical to the neurologic diagnosis of the patients and led to an oncologic diagnosis (B-cell neoplasia) in 2. The neurologic findings varied in onset and anatomical distribution, and most patients lacked other historical and laboratory testing clues to an autoimmune neurologic diagnosis.
In this report and in the original report, 4 most patients receiving early and sustained immunotherapies improved neurologically, an observation consistent with an autoimmune disorder that is IgG-mediated.
Proof of the pathogenicity of DPPX-IgG awaits experimental studies in cell culture and animal model systems, such as have been described for aquaporin-4 and NMDA receptor autoantibodies. 14, 15 Of our 20 patients, 8 were identified prospectively over 15 months, making this disorder considerably less common than autoimmune NMDA receptor encephalitis (93 patients identified in 2013) but more common than autoimmune AMPA receptor encephalitis (1 patient identified in 2013). At this stage of our experience, serum and CSF seem to be equally sensitive specimens for DPPX-IgG testing. Comprehensive evaluation for all autoimmune encephalitis-pertinent antibodies is assured by testing both serum and CSF. 16, 17 Tissue-based immunofluorescence staining by DPPX-IgG has a distinctive synaptic pattern in both the central and enteric nervous systems. Reactivity was most prominent in the cerebellar granular layer and mossy fibers within the stratum lucidum of the hippocampus, both known to be DPPX-enriched. [18] [19] [20] The dysautonomic manifestations of DPPX potassium channel autoimmunity appear to extend to cardiac dysrhythmia. Kv4.3 complexes are abundant in intercalated disc regions connecting cardiac myocytes, and are responsible for modulating early repolarization of cardiac action potentials. 10 Gain-of-function mutations in the DPPX gene causing ventricular fibrillation but not neurologic dysfunction has been reported. 21, 22 The neurologic manifestations of DPPX potassium channel autoimmunity are diverse, multifocal, and sometimes intermittent. Common manifestations include weight loss, neuropsychiatric and brainstem disorders, CNS hyperexcitability, and dysautonomia. Patients appear to respond well to early-initiated immunotherapy. Optimal neurologic outcomes may require long-term immunosuppressant therapy.
